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Terahertz ellipsometry study of the soft mode behavior in ultrathin SrTiO3 films
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We present a combined study with time-domain terahertz and conventional far-infrared ellipsom-
etry of the temperature dependent optical response of SrTiO3 thin films (82 and 8.5 nm) that are
grown by pulsed-laser deposition on LSAT substrates. We demonstrate that terahertz ellipsometry
is very sensitive to the optical response of these thin films, in particular, to the soft mode of SrTiO3.
We show that for the 82 nm film the eigenfrequency of the soft mode is strongly reduced by anneal-
ing at 1200 ◦C, whereas for the 8.5 nm film it is hardly affected. For the latter, after annealing the
mode remains at 125 cm−1 at 300 K and exhibits only a weak softening to about 90 cm−1 at 10 K.
This suggests that this ultrathin film undergoes hardly any relaxation of the compressive strain due
to the LSAT substrate.
Perovskite titanates, particularly in the form of thin
films, are important materials for device applications due
to their high and tunable dielectric constant. Strontium
Titanate (SrTiO3, STO) is a quantum paraelectric ma-
terial for which the ferroelectric transition is suppressed
by the quantum fluctuations of the lattice. [1] The dielec-
tric properties of STO in the static limit and at low fre-
quencies are dominated by a strong polar phonon mode
which is known as the soft mode since it exhibits a very
strong softening at low temperature. [2] In bulk STO,
the soft mode eigenfrequency is around 95 cm−1 at room
temperature and decreases to ∼ 10 cm−1 at low temper-
ature. For epitaxial STO films, it was previously shown
that this soft mode frequency, and therefore the dielectric
constant, can differ substantially. [3–5] Notably, ferro-
electricity near room temperature can be induced in STO
films grown on DyScO3 substrates which introduces a 1%
tensile strain. [6, 7] On the other hand, the 0.9% compres-
sive strain of a (La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) sub-
strate causes a sizeable hardening of the soft mode and a
corresponding reduction of the dielectric constant. [8] It
has also been observed that the strain relaxation, which
depends on the thickness of the STO films, and annealing
can strongly affect the dielectric properties. [8–11] It is
commonly assumed that the intrinsic strain condition can
be maintained for ultrathin film with a thickness of about
10 nm. However, for such thin films, the direct observa-
tion of the soft mode in the far-infrared and terahertz
range is a very difficult task due to limited sensitivity of
conventional transmission and reflection techniques. [12–
14]
Terahertz spectroscopic data have been previously re-
ported on STO films on various substrates (Refs. [4, 5,
8, 11, 15–18]) with thicknesses as low as 17 nm, [4, 16]
but typically on the order of hundreds of nanometers.
The capability of far-infrared and terahertz ellipsometry
to detect the soft mode in STO thin films has already
been demonstrated, [3, 19] but so far no THz spectra
were reported on ultrathin (∼ 10 nm) films.
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We show in the following that the combination of con-
tinuous wave Fourier-transform (FTIR) ellipsometry in
the far infrared range [20–22] with time-domain terahertz
(TD-THz) ellipsometry [19, 23–26] enables one to study
the temperature evolution of the STO soft mode in thin
(82 nm) and even ultrathin (8.5 nm) films and to obtain
experimental quantities that can be directly interpreted
in terms of the optical conductivity of the film.
The 82 nm and 8.5 nm thick SrTiO3 films
were grown by pulsed laser deposition (PLD) on
(La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) substrates with di-
mension of 10×10×0.5 mm3 and 10×10×3 mm3 (pur-
chased from Crystec), respectively. They were deposited
at 900 ◦C in a partial pressure 0.12 mbar of O2 with
a laser fluence of 1.4 J/cm2 and a repetition rate of 2
Hz. The growth was monitored with in-situ reflection
high electron diffraction (RHEED). Bright RHEED pat-
terns were observed that confirm the smoothness of the
film surface. After deposition, the samples were cooled
to 700 ◦C at a rate of 10 ◦C/min, while the oxygen par-
tial pressure was gradually increased to 1 bar. Subse-
quently, the temperature was further decreased to room
temperature at a rate of 5 ◦C/min before the sample
were removed from the PLD chamber. The thickness
of the films was determined ex-situ with ellipsometry in
the visible range using a Woollam VASE system. Both
samples were measured before (as deposited) and after
annealing by far-infrared and TD-THz ellipsometry. The
ex-situ annealing was performed in ambient atmosphere
and the cycle was equal for both samples: After an initial
ramp, the temperature was maintained at 300 ◦C for 2
hours, then it was increased during 4.5 hours to 1200 ◦C
where it was kept for 12 hours. The following cool-down
from 1200 ◦C to 200 ◦C took 6 hours.
The far-infrared (75 − 700 cm−1, 2.2 − 21 THz) el-
lipsometry measurements were performed using a home-
build ellipsometer attached to a Bruker IFS 113v spec-
trometer, similar to setup described in Ref. [20], with a
high-pressure Hg-lamp as light source and a 1.2 K Sili-
con bolometer detector. This ellipsometer operates in a
rotating analyzer (RAE) configuration, with an optional
reflection Si-prism compensator that has been used for
2FIG. 1. Schematic top view of the time-domain THz ellip-
someter. The sample is located in the axis of rotation of the
emitter arm. The front view shows the sample on the cold fin-
ger of the cryostat and the geometry of the laser-path bridge
between the fixed part and the movable emitter arm.
the range of 75− 165 cm−1 (2.2− 5 THz). [20, 22, 27]
For the THz range (3 − 70 cm−1, 0.1 − 2.1 THz) we
used a home-built time-domain THz ellipsometer, that is
based on a Menlo Systems C-Fiber 780 nm pulsed laser,
with 85 mW output power and 100 fs pulse duration.
Figure 1 shows a scheme of the setup. As THz source
we used an area emitter with interdigitated electrodes
(LaserQuantum Tera-SED) [28] for which the polariza-
tion is oriented in the horizontal plane i.e. in the plane of
incidence. The detector is a two-contact LT-GaAs photo-
conductive antenna (Menlo systems TERA8-1) that is
also oriented in the plane of incidence. The emitter arm
can be rotated to obtain angles of incidence ranging from
45◦ to 90◦. To avoid the need of a realignment of the free
space path of the pump laser, we incorporated a geom-
etry where the fixed part of the path is coupled to the
movable arm along the axis of rotation of the emitter
arm, as sketched in the fig. 1. The polarizer and both
analyzers are tandems of free standing wire grids (Specac
GS57201). The ellipsometers (far-infrared and TD-THz)
are equipped with a He-flow optical cryostat (from Cry-
oVac).
The far-infrared ellipsometer operates in the conven-
tional continuous-wave mode with intensity detection.
The analysis is performed with the standard formal-
ism described in Refs. [20, 22, 29]. Time domain spec-
troscopy, on the other hand, benefits from the ability to
obtain the amplitude as well as the phase of wave ar-
riving at the detector. [30, 31] TD-THz ellipsometry was
initially proposed to overcome the reference problem of
reflection spectroscopy [32, 33] and several configurations
and approaches have been discussed in the literature. [23–
26, 34–37] We adopted the scheme used in FTIR RAE,
performing measurements of the full time domain sig-
nals for a discrete set of analyzer angles Aj (in our case
Aj = j · 36
◦, with j = 0, 1, 2, 3, 4). A second fixed ana-
lyzer is required to maintain a constant polarization state
of the pulse that is incident on the detector antenna. [36]
In the case of an isotropic sample with Jones ma-
trix [29] elements rxx and ryy, the resulting ellipsometric
ratio ρ = rxx/ryy is usually expressed in terms of the
ellipsometric angles Ψ and ∆. In the following we use in-
stead a notation in terms of the complex pseudo-dielectric
function:
〈ε〉 = sin2ϕ
[
1 + tan2ϕ
(
1 + ρ
1− ρ
)2]
, (1)
where ϕ is the angle of incidence. As will be outlined
in the following, here the changes of 〈ε〉 with respect to
bare substrate 〈εs〉 are proportional to the optical con-
ductivity of the film. This can be seen by considering an
ultrathin film for which λ ≫ n · d, with the wavelength
of the THz radiation, λ, the film thickness d, and the
refractive index, n (with ε = N2 = (n+ ik)2). The opti-
cal response of the ambient/film/substrate system is de-
scribed with the standard transfer matrix formalism. [29]
In the ultrathin limit, the propagation factors in the film,
exp(±iωκd/c) , can be approximated as 1± iωκd/c, with
κ =
√
ε− sin2 ϕ being the dimensionless normal compo-
nent of the wave-vector in the film. By omitting terms
that are quadratic in d, one obtains analytical expres-
sions for rp, rs and ρ that can be inserted into eq. (1),
to obtain
〈ε〉
.
= 〈εs〉 − iω(ε− εs) ·
2dks
c
·
ε− 1
ε
·
εs
εs − 1
, (2)
where 〈εs〉 is the dielectric function of the substrate and
ks =
√
εs − sin
2 ϕ the dimensionless normal component
of the wave-vector in the substrate. [38]
The second term contains the response of the thin film
and it is proportional to the difference between the di-
electric functions of the film and the substrate. The first
pre-factor -iω (except for a missing factor ε0) converts
the difference of ε− εs to the one of the optical conduc-
tivities, σ−σs, where σs is the optical conductivity of the
substrate, i.e. ∆σ = σ−σs = −iωε0(ε− εs). The second
factor is given by the film thickness, d, scaled by ks. The
factor (ε−1)/ε represents the dielectric contrast between
the film and the ambient with εA = 1 (it becomes zero
for ε = 1 and yields a singularity at ε = 0 that is known
as the Berreman mode). Finally, the factor εs/(εs − 1)
gives the inverse contrast between the ambient and the
substrate, it leads to a singularity at εs = 1 which gives
rise to a surface guided wave. [39–41] Since the LSAT
substrate is transparent in the THz range (εs ≈ 23), the
factor εs/(εs − 1) is about 1.05 and ks ≈4.7 for ϕ = 75
◦.
The large value of the dielectric function of the STO film
yields (ε − 1)/ε ≈ 1 and gives rise to a sizeable contrast
in ∆σ. For example, a conductivity of the STO film
of σ1=100 Ω
−1cm−1 at a thickness of d=10 nm yields
∆〈ε1〉=0.37. Note that eq.(2) is only weakly dependent
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FIG. 2. Pseudo-dielectric functions of the 82 nm thick STO
film on LSAT in the as deposited state (a) and the annealed
state (b). The data of the bare LSAT substrate are shown
by the gray line. The substrate and the film/substrate data
deviate from the parameterized model (thin black line in a)
below about 60 cm−1 for 〈ε2〉, and about 15 cm
−1 for 〈ε1〉, as
marked by arrows. Difference spectra of 〈ε〉 of the as-grown
(c) and the annealed (d) film/substrate sample with respect
to the substrate at 10 K, 150 K and 300 K (lines), together
with differential model spectra (circles for ∆〈ε1〉, triangles for
∆〈ε2〉). The color legend applies for all panels.
on the angle of incidence ϕ through ks. The highest sen-
sitivity (i.e. the minimum error of 〈ε〉) is obtained at the
Brewster angle for ϕ = ϕB which in case of LSAT with
ϕs=23 is ϕB = 78.2
◦. The ellipsometric measurements
presented here have been performed at ϕ = 75◦.
This approach is especially useful in the spectral ranges
where the response of the substrate is featureless. For
the LSAT substrate this is the case well below a strong
infrared active phonon mode at 158 cm−1. Figures 2a
and 2b clearly show the features of the soft mode of STO
which gives rise to a characteristic peak in 〈ε1〉 ∼ σ1 and
a corresponding resonance feature in 〈ε2〉 ∼ σ2 that is
shifted to lower frequency at low T .
The spectra still contain some features that arise from
the polarization dependent diffraction of the light due to
the limited sample size. Such effects have been previ-
ously discussed for the case of bulk metallic samples in
Ref. [42] These diffraction effects occur already in the re-
sponse of the bare LSAT substrate (gray line in figures 2a,
b) and can be clearly seen in comparison with the calcu-
lated THz response that has been obtained by modelling
the phonon modes in the infrared regime with Lorentzian
oscillators (thin black line). The measured data deviate
from the model below about 60 cm−1 where 〈ε2〉 starts to
bend down to negative values. In 〈ε1〉 these diffraction ef-
fects give rise to a relatively sharp downturn below about
15 cm−1, as marked by an arrow. Corresponding features
are observed in the response of the film/substrate sample.
These diffraction effects prevent us from analyzing and
modelling the measured spectra of 〈ε〉. However, since
the diffraction effects in the response of the bare sub-
strate and the film/substrate sample are very similar,
these are essentially absent in the difference spectra. This
is shown in Figs. 2c and d in terms of the difference plots
∆〈ε(T )〉 = 〈ε(T )〉−〈εs(T )〉 for the 82 nm thick STO film
in the as grown and the annealed state, respectively. As
shown by the symbols, the dielectric response due to the
soft mode of the STO film can now be well described
with a Lorentzian oscillator model. The model calcu-
lates the pseudo-dielectric function of the film/substrate
sample exactly, using the transfer matrix formalism, and
subtracts the model dielectric function of the substrate.
Note that the structure near 155 cm−1 is a remnant of
the strong phonon mode of the LSAT substrate, which,
according to eq. (2), modifies the contrast between the
film and the substrate.
The soft mode of STO is well accounted for by a single
Lorentzian oscillator ε(ω) = ε∞ + 4piF
2ω2
0
/(ω2
0
− ω2 −
iωγ). For the as grown 82 nm thick STO film the mod-
elling yields a relatively sharp soft mode which at 300 K is
centered at 126 cm−1 with a width, γ, of about 20 cm−1.
With decreasing temperature it exhibits a fairly weak
softening to 95 cm−1 at 10 K. In the annealed state
the soft mode frequency is considerably lower and the
T -dependent softening is much stronger, i.e. the eigen-
frequency decreases from about 100 cm−1 at 300 K to
about 40 cm−1 at 10 K. The soft mode is also consider-
ably broader than in the as grown state with γ ∼30 cm−1
at 300 K and 35 cm−1 at 10 K.
In the case of the as grown 82 nm film, below 100 K,
two oscillators with similar eigenfrequencies ω0 but differ-
ent γ values improve the fit quality. This inhomogeneous
broadening of the soft mode seems related to the antifer-
rodistortive phase transition from a cubic to a tetragonal
structure which occurs in bulk SrTiO3 at 105 K. [43] It
leads to the formation of domains with different orienta-
tions of the tetragonal axis and thus to strain fields in
the vicinity of the domain boundaries which can affect
the local soft mode behavior.
The strong reduction of the soft mode frequency due to
a high temperature annealing treatment is in agreement
with previous reports from THz transmission measure-
ments of a 370 nm thick STO film on LSAT. [8] Possible
explanations are in terms of a relaxation of the strain
state in large parts of such thick films or a removal of de-
fects and vacancies that are also known to cause a hard-
ening of the STO soft mode.
This raises the question whether a similar annealing-
induced effect on the soft mode occurs in epitaxial STO
films which are too thin to exhibit a large strain relax-
ation and thus remain clamped to the substrate. Thanks
to the high sensitivity of the differential approach dis-
cussed above, we were able to observe the soft mode be-
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FIG. 3. Differential pseudo-dielectric function of the 8.5 nm
thin STO film with respect to the bare LSAT substrate.
havior in a 8.5 nm thick STO film on LSAT. To the best
of our knowledge, this is the first direct observation of
the soft mode for such an ultra-thin STO film.
The as-deposited sample was studied with ellipsometry
only at room temperature (data not shown). After the
high temperature annealing treatment, the THz and in-
frared ellipsometry measurements have been performed
as a function of temperature as shown in Figure 3 in
terms of the differential data. Despite the much smaller
signal, the characteristic features of the soft mode, such
as the peak in ∆〈ε1〉 ∼ σ1 and the resonance feature in
∆〈ε2〉 ∼ σ2, are still clearly discernible. It is also evident
that the dispersion of the soft mode is rather weak, i.e.
it softens from about 128 cm−1 at 300 K to 96 cm−1 at
10 K. In comparison, in the as-deposited state the soft
mode frequency at 300 K was at 132 cm−1. For this
ultrathin and fully strained STO thin film the high tem-
perature annealing treatment thus has hardly influenced
the position of the soft mode, the broadening however,
increased from about 20 to 37 cm−1.
The overview of the temperature dependencies of the
STO soft mode eigenfrequency and its broadening for the
two STO films in the as grown and the annealed state is
shown in Figures 4a and 4b, respectively. Also shown
are literate data for bulk STO. [4] Figure 4c shows a
comparison of the soft mode response at 300 K in terms
of the modelled spectra.
The good agreement between the absolute values and
the temperature dependences of the soft mode frequen-
cies in the annealed 8.5 nm and the as-deposited 82 nm
STO films suggests that the strain relaxation in the lat-
ter is indeed rather weak. This conclusion should be
further tested for example with x-ray diffraction experi-
ments which can directly probe the relaxation of the lat-
tice parameter. Independent from this open question, the
presented work demonstrates the capability of the differ-
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optical conductivity at 300 K (c), with the same legend as a).
Bulk STO values from Ref. [4].
ential THz- and infrared ellipsometry technique to study
the dielectric response of ultrathin STO layers. In the fu-
ture, this technique can be used to study the strain effect
on the soft mode behavior and subsequent ferroelectric
transitions in fully strained films on various substrates.
In summary, we have shown that in the ultrathin
film limit, the directly measured ellipsometric data ex-
pressed in the form of pseudo-dielectric functions can be
readily interpreted as the sum of the dielectric function
of the substrate (particularly in the range of its trans-
parency) and the optical conductivity of the film. Both
the film/substrate and the bare substrate data exhibit
diffraction artefacts due to the limited sample size. These
are removed in the differential pseudo-dielectric spectra,
which can be subsequently analyzed with a differential
model. We applied this approach on thin and ultrathin
films of SrTiO3 deposited on LSAT substrates and ob-
served the temperature dependence of the soft mode dis-
persion. For the 82 nm thick STO film we observed a
significant effect of the annealing treatment on the eigen-
frequency of the soft phonon mode that was absent for
the 8.5 nn film. This suggests that the strain due to the
LSAT substrate can be readily maintained in such an
ultrathin STO film.
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